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Role of Cryptococcus neoformans Rho1 GTPases in the PKC1 Signaling
Pathway in Response to Thermal Stress
Woei C. Lam, Kimberly J. Gerik, Jennifer K. Lodge
Department of Molecular Microbiology, Washington University School of Medicine, Saint Louis, Missouri, USA
To initiate and establish infection in mammals, the opportunistic fungal pathogen Cryptococcus neoformansmust survive and
thrive upon subjection to host temperature. Primary maintenance of cell integrity is controlled through the protein kinase C1
(PKC1) signaling pathway, which is regulated by a Rho1 GTPase in Saccharomyces cerevisiae. We identified three C. neoformans
Rho GTPases, Rho1, Rho10, and Rho11, and have begun to elucidate their role in growth and activation of the PKC1 pathway in
response to thermal stress. Western blot analysis revealed that heat shock of wild-type cells resulted in phosphorylation of Mpk1
mitogen-activated protein kinase (MAPK). Constitutive activation of Rho1 caused phosphorylation of Mpk1 independent of
temperature, indicating its role in pathway regulation. A strain with a deletion of RHO10 also displayed this constitutive Mpk1
phosphorylation phenotype, while one with a deletion of RHO11 yielded phosphorylation similar to that of wild type. Surpris-
ingly, like a rho10 strain, a strain with a deletion of both RHO10 and RHO11 displayed temperature sensitivity but mimicked
wild-type phosphorylation, which suggests that Rho10 and Rho11 have coordinately regulated functions. Heat shock-induced
Mpk1 phosphorylation also required the PKC1 pathway kinases Bck1 andMkk2. However, Pkc1, thought to be the major regula-
tory kinase of the cell integrity pathway, was dispensable for this response. Together, our results argue that Rho proteins likely
interact via downstream components of the PKC1 pathway or by alternative pathways to activate the cell integrity pathway in C.
neoformans.
Cell wall integrity is crucial for fungal growth, survival, andpathogenesis. Responses to some environmental stresses are
mediated by the highly conserved protein kinase C1 (PKC1) cell
integrity pathway and are thought to be transduced at least in part
by conserved Rho GTPases. The Rho family of GTPases, a subfam-
ily of the Ras superfamily, has a fundamental role in regulation of
polarized growth and the actin cytoskeleton, microtubule assem-
bly, membrane transport factors, and transcription factor activity
(reviewed by Etienne-Manneville and Hall [1]). In Saccharomyces
cerevisiae, Rho GTPases consist of six well-studied proteins, Rho1
to Rho5 and Cdc42 (reviewed by Levin [2]). These proteins are all
localized to the plasma membrane and serve distinct yet related
functions in the cell. Rho1p is a master regulator of cell wall sig-
naling involved in both Pkc1p activation and -1,3-glucan syn-
thesis. It may have a role in both receiving signals from outside the
cell and regulating outputs involved in cell wall biogenesis, actin
organization, and polarized secretion (reviewed in Cabib et al.
[3]). Rho2p is somewhat functionally redundant with Rho1p
(4–6), and Rho3p and Rho4p may share functions involving bud
formation and actin polarization in S. cerevisiae (7–9). Rho5p has
a role in osmotic stress response and peroxide-induced apoptotic-
like cell death (10, 11). Cdc42p is important for bud site assembly
and polarized cell growth and a late exocytosis step (12–14).
Rho1p and Cdc42p are essential in S. cerevisiae. C-terminal pre-
nylation of the Rho proteins, which serves to increase hydropho-
bicity and membrane association, is necessary for proper localiza-
tion and function of all Rho proteins in this organism.
Cryptococcus neoformans is a pathogenic yeast that causes pul-
monary infections and meningoencephalitis in immunocompro-
mised persons, primarily those infected with HIV (for a review,
see reference 15). Individuals with AIDS are particularly vulnera-
ble to opportunistic fungal infections and cryptococcosis. It has
been estimated that approximately 12% of patients with AIDS in
the United States and 40 to 50% of HIV-infected people in por-
tions of Africa will contract cryptococcosis, and, if left untreated,
the disease is fatal (16). C. neoformans is ubiquitous and found
worldwide in the soil. Fungal cells, including C. neoformans, are
continuously exposed to a wide variety of environmental stresses
in both their natural habitats as well as in their resident hosts. One
principal stress that fungal cells encounter is change in tempera-
ture, and adaptation to physiologic temperature is a prerequisite
for gaining successful access to a mammalian host. Fungi subse-
quently sense and react to changes in their environment, includ-
ing temperature, through a complex network of signal transduc-
tion pathways, thus adapting to their surroundings and ensuring
repair to cellular damage. Therefore, understanding this network
and elucidating components of signaling pathways may provide
insights for future antifungal therapies.
Previous work in our laboratory has begun to reveal an under-
standing of the primary PKC1 cell integrity pathway and how
fungal cells respond to various stresses that they may encounter
(17, 18). Rho GTPases are evolutionarily conserved in all eu-
karyotes as well as some plants. They presumably function up-
stream of known PKC1 pathway components and are known to
play a critical role in signaling in other organisms. In order to
characterize upstream signaling components inC. neoformans, we
identified three protein homologues to S. cerevisiae Rho1p and
two homologues to Cdc42p. We termed these Rho1, Rho10,
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Rho11, Cdc42, and Cdc420, respectively, based on highest protein
BLAST scores. Ballou et al. previously characterized Cdc42 and
Cdc420C. neoformans proteins, demonstrating that both are non-
essential, that Cdc42 is important for thermotolerance, morpho-
genesis, cytokinesis, and mating, and that this protein is also in-
duced during growth at host temperature (19). Here, we focus on
elucidating functions for the Rho proteins. It is likely that one or
more of these proteins interact with Pkc1, the major kinase in-
volved in cell integrity and mitogen-activated protein kinase
(MAPK) signaling (17). Responses to environmental stresses are
mediated by MAPK phosphorylation cascades in eukaryotic cells.
In work presented here, we distinguish functions for each of the
three Rho proteins by utilizing point mutants and deletion strains
subjected to thermal stress and monitoring phosphorylation of
the downstream kinase in the cell integrity pathway, Mpk1, as an
output for activation of the PKC1 cell integrity pathway. We dem-
onstrate that RHO1 is essential for C. neoformans viability and
describe two different point mutants in this protein that constitu-
tively phosphorylate Mpk1 regardless of thermal stress (20; also
this study). Additionally, we show that deletion of RHO10 confers
temperature sensitivity and causes constitutive Mpk1 phosphor-
ylation but that deletion of RHO11 has no discernible effects and
results in phosphorylation of Mpk1 at a level similar to that of the
wild type (WT). Furthermore, a mutant strain lacking both
RHO10 and RHO11 demonstrates temperature sensitivity similar
to a rho10 strain yet, like the rho11 strain, phosphorylates
Mpk1 in a manner indistinguishable from that of the wild type. An
unexpected result from this study was that although genes down-
stream of PKC1 in the cell integrity pathway are necessary for
PKC1 pathway activation in response to thermal stress, PKC1 it-
self is dispensable, suggesting alternative pathway involvement.
Thus, we have begun to reveal separate and distinct functions for
the Rho GTPases in C. neoformans yet propose a model where
these small proteins likely act in concert with each other to pro-
duce a balance necessary for survival of fungal cells and mainte-
nance of cell integrity.
MATERIALS AND METHODS
Fungal strains andmedia. KN99was used in this study as the wild-type
strain (21). All mutant strains used in this study were generated in either
the KN99 or KN99 Mpk1 Flag-tagged background; KN99 containing the
Mpk1-Flag epitope was previously shown to be functionally indistin-
guishable from KN99 (17).C. neoformanswas routinely grown at 30°C on
yeast peptone dextrose (YPD) (1% yeast extract, 2% Bacto peptone, and
2% dextrose) medium. Solid medium contained 2% Bacto agar. All
strains with a deletion of PKC1 (along with appropriate controls) were
grown on YPD medium supplemented with 1 M sorbitol. Selective YPD
medium contained 100 g/ml nourseothricin (Werner BioAgents, Jena-
Cospeda, Germany), 200 U/ml hygromycin (HYG) B (Calbiochem, La
Jolla, CA), or 200 g/ml Geneticin (Gibco). For regulating the CTR4
promoter, YPD medium contained either 25M cupric sulfate (Sigma, St.
Louis, MO) or 200M bathocuproinedisulphonic acid (BCS) (Sigma, St.
Louis, MO).
To assess melanin production, strains were grown overnight in 2 ml of
YPD medium at 30°C with shaking and diluted to an optical density at 650
nm (OD650) of 1.0 with phosphate-buffered saline (PBS). Five microliters
each of 10-fold serial dilutions were plated on solid L-DOPA (L-3,4-dihy-
droxyphenylalanine) medium (13 mM glycine, 15 mM glucose, 29.4 mM
KH2PO4, 10 mM MgSO4-7H2O, 3M thiamine, 5M D-biotin, 2% agar,
and 1 mM L-DOPA, pH 5.5) and incubated at 30°C for up to 7 days in the
dark. The strains’ ability to produce pigment was assessed visually.
To determine sensitivity to nitrosative stress, serial dilutions of cells
were plated on YNB medium, pH 4.0 (6.7 g/liter Difco yeast nitrogen base
without amino acids, 2% glucose, 2% agar, 25 ml/liter 1 M succinate
[adjusted to pH 4.0 with HCl]). To determine oxidative stress sensitivity,
serial dilutions of cells were plated on YNB medium, pH 4.0 (see above),
and also on YNB medium, pH 7.0 (6.7 g/liter Difco yeast nitrogen base
without amino acids, 2% glucose, 2% agar, 50 ml/liter 1 M MOPS [mor-
pholinepropanesulfonic acid, adjusted to pH 7.0 with NaOH]). All strains
were maintained at 30°C unless otherwise indicated.
Generation of deletion constructs and transformation of C. neofor-
mans. Gene-specific deletion constructs of the Rho GTPases were gener-
ated using overlap PCR gene technology, described previously (18, 22),
and included either the hygromycin resistance cassette (HYGR) (23),
nourseothricin resistance cassette (NATR) (24), or a Geneticin resistance
cassette (G418R) (see Fig. S1A in the supplemental material). The primers
used to disrupt the genes are shown in Table S1 in the supplemental
material. The rho10 deletion cassette contained the nourseothricin resis-
tance cassette resulting in a 1,062-bp replacement of the coding sequence
between regions of primers 3-Rho10 and 6-Rho10 (shown in uppercase in
Table S1). The RHO11 deletion cassette contained the hygromycin resis-
tance cassette, resulting in an 841-bp replacement of the coding sequence
between regions of primers 3-Rho11 and 6-Rho11 (shown in uppercase in
Table S1). Constructs were introduced into either KN99 or the Mpk1
Flag-tagged strain using biolistic techniques (24, 25). For the generation
of strains lacking both RHO10 and RHO11, the rho10 deletion construct
was biolistically transformed into two independent rho11 Mpk1 Flag-
tagged strains. Cells were grown to late log phase in YPD medium, con-
centrated, and plated onto YPD agar for transformation. The cells were
bombarded with 0.6-m gold particles (Bio-Rad) coated with DNA ac-
cording to the manufacturer’s recommendations and allowed to sit for 4 h
on nonselective medium following transformation. Cells were recovered
by adding 0.8 ml of PBS to the plate and scraping the cells into suspension.
They were then transferred to the appropriate selective medium and in-
cubated at 30°C. Transformants were observed within 3 to 5 days.
Analysis of transformants. Stable transformants were obtained by
passaging cells five times on nonselective solid YPD medium, followed by
testing for resistance on the appropriate selective marker. Only the isolates
that grew on both selective and nonselective media were considered to be
stable transformants. These isolates were then further analyzed by a three-
primer PCR screen that verifies the homologous integration at both the 5=
and 3= ends of the deletion cassette. Another PCR screen using primers
outside the deletion construct was used to demonstrate a single copy of the
deletion cassette had been inserted at the desired locus (see Fig. S1A in
the supplemental material). To rule out ectopic integration elsewhere in
the genome, Southern blotting was performed, using the selectable
marker as a probe. All rho deletions created for this study were found to
have a single deletion construct homologously integrated at the appropri-
ate locus with no other insertions in the genome (data not shown).
C. neoformans genomic DNA preparation. Genomic DNA was pre-
pared by a modification of the glass bead DNA extraction protocol de-
scribed by Fujimura and Sakuma (26). Cells were suspended in a micro-
centrifuge tube in 500 l of lysis buffer (50 mM Tris, pH 7.5, 20 mM
EDTA, 1% SDS), with 400 mg of glass beads (425 to 600m; Sigma). Cells
were disrupted by 10 min of vortexing, followed by 10 min of incubation
at 70°C. After brief vortexing, 200 l of 5 M potassium acetate (KOAc)
and 200l of 5 M NaCl were added. The tubes were placed on ice for 5 min
and centrifuged at 14,000 rpm for 20 min. The supernatant was mixed
with 500l of phenol-chloroform and spun for 2 min at 14,000 rpm. The
aqueous phase was then mixed with 500 l of chloroform and spun for 2
min at 14,000 rpm. The DNA was precipitated by the addition of 200l of
ethanol, washed with 70% ethanol, and allowed to dry. Fifty microliters of
a 10g/ml solution of RNase A (Roche) was added to each tube, and tubes
were incubated at 37°C for 30 min. One-tenth volume (5 l) of 3 M
sodium acetate, pH 5.2, and 3 volumes (150 l) of ethanol were added to
each tube, and the DNA was precipitated by spinning at 14,000 rpm for 10
Rho-GTPases in C. neoformans
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min. The pellets were resuspended in 50 l of sterile Tris-EDTA (TE)
buffer, pH 7.5.
Southern hybridizations. Approximately 10 g of genomic DNA
from each strain was digested with various restriction endonucleases ac-
cording to the manufacturer’s recommendations. Restriction fragments
were separated on a 1% agarose gel and transferred to nitrocellulose mem-
branes using a Turbo-Blot apparatus (Schleicher & Schuell) and 10 SSC
(1 SSC is 0.15 M NaCl plus 0.015 M sodium citrate) as a transfer buffer.
Probes for Southern analysis were prepared by random priming (random
priming kit; Roche) using 50 Ci of [-32P]dCTP (AA0005; Amersham)
according to the manufacturer’s instructions. The blots were incubated in
10 ml of 2 phosphate buffer (0.5 M Na2HPO4 · 7H2O, 0.34% H3PO4, 2
mM EDTA) mixed 1:1 with 14% SDS for 1 h at 65°C. Next, the probe was
added to the solution, and the blots were hybridized at 65°C for 14 to 20 h.
The blots were washed twice in 2 SSC– 0.1% SDS at room temperature
for 10 min and once for 10 min in 0.2 SSC– 0.1% SDS that had been
prewarmed to 65°C. The blots were then UV cross-linked for 2 min and
exposed on film or a phosphor screen for imaging.
Generation of constitutively active rho1mutant strains. The C. neo-
formans constitutively active rho1 mutant strains were constructed by
nucleotide substitution mutations in the phosphate or magnesium bind-
ing sites to create a deregulated GTPase (20). PCR products were gener-
ated using overlap PCR technology (22). The nucleotide substitution con-
struct consists of 1,012 bp of genomic sequence upstream of the
nucleotide substitution at amino acid position 15 or 1,272 bp of genomic
sequence upstream of the nucleotide substitution at amino acid position
64, the G418 resistance cassette, and either 1,305 bp or 1,045 bp of
genomic sequence downstream of the respective substitution site (see Fig.
S1B in the supplemental material). The construct was biolistically trans-
formed resulting in the amino acid mutation of either glycine to valine at
position 15 or glutamine to leucine at position 64 and the insertion of a
G418 resistance marker by homologous recombination. Stable transfor-
mants were obtained by passaging cells five times on nonselective solid
YPD medium and then on solid YPD medium containing 200 g/ml
Geneticin (Gibco). Only transformants that grew on the selective medium
were considered stable and were screened by PCR to check for the inser-
tion nucleotide substitution at the desired location. Lastly, the entire
RHO1 gene was sequenced for both point mutants to confirm the nucle-
otide substitutions and check for any unwanted mutations (data not
shown). The primers used are shown in Table S1 in the supplemental
material. The resulting strains carry rho1G15V and rho1Q64L mutations.
Generation of reconstituted rho1 pointmutants and rho10 strains
with wild-type genes. C. neoformans rho1 point mutant strains were re-
constituted by cotransformation of two PCR products (27). Product one
consisted of KN99 genomic sequence of RHO1 spanning the wild-type
gene plus 800 bp upstream and downstream, and product two consisted of
the hygromycin resistance cassette. Two micrograms each of product one
and two were biolistically cotransformed into both rho1 point mutation
strains selecting for hygromycin-resistant isolates that were viable at 30°C
(17, 27). Stable transformants were obtained by passaging cells five times
on nonselective solid YPD medium, followed by streaking on both selec-
tive and nonselective media. Transformants were screened by PCR for the
presence of the RHO1 gene. Isolates that showed the presence of the wild-
type gene and the absence of the original deletion resistance marker
(G418r) used to create the rho1point mutation strains, together with those
that were HYG sensitive (had not retained the cotransformed marker
cassette), were chosen for further study and rescue of point mutation
phenotypes. A C. neoformans rho10 deletion strain was reconstituted by
cotransformation of two PCR products (27). Product one consisted of
KN99 genomic sequence of RHO10 spanning the wild-type gene plus
1,000 bp upstream and downstream, and product two consisted of the
G418 resistance cassette. Two micrograms each of product one and two
were biolistically cotransformed into the rho10 strain selecting for G418
resistant isolates that were viable at 39°C (17, 27). Stable transformants
were obtained by passaging cells five times on nonselective solid YPD
medium, followed by streaking on both selective and nonselective media.
Transformants were screened by PCR for the presence of theRHO10 gene
as well as for the presence of the resistance marker (G418). Isolates that
showed the presence of the wild-type gene and the absence of the original
deletion resistance marker (HYGr) used to create the rho10 strain, to-
gether with those that were G418 sensitive (had not retained the cotrans-
formed marker cassette), were chosen for further study and rescue of
deletion phenotypes. Multiple efforts to generate reconstituted rho11
and rho10 rho11 strains (both containing the Mpk1 Flag-tagged
epitope) were unsuccessful in the RHO11 locus. However, two indepen-
dent mutant strains were generated carrying the rho11 mutation, and
three were generated carrying the rho10 rho11mutations.
Replacement of the endogenous RHO1 promoter with a repressible
copper transporter promoter. The repressible copper transporter pro-
moter, PCTR4 was generously provided by Tamara Doering as pCTR4-2
(28) and used to create promoter replacement constructs. The promoter
replacement construct was created using overlapping PCR technology,
similar to the deletion constructs (17, 22). The RHO1 promoter replace-
ment construct consists of 1,004 bp of genomic sequence upstream of the
RHO1 promoter, the nourseothricin resistance cassette, PCTR4, and 1,025
bp of genomic sequence downstream of the RHO1 start codon (see Fig.
S1C in the supplemental material). The construct was biolistically trans-
formed and plated on YPD medium containing 200 M bathocuproin-
edisulphonic acid (BCS; Sigma, St. Louis, MO), resulting in deletion of
956 bp upstream of the RHO1 gene and the insertion of PCTR4 and the
nourseothricin resistance cassette by homologous recombination. The
primers used to replace the endogenous promoter with a repressible pro-
moter are shown in Table S1 in the supplemental material. Stable trans-
formants were obtained by passaging cells five times on nonselective solid
YPD medium containing BCS and then on solid YPD medium containing
100 g/ml nourseothricin and BCS. Only the transformants that grew
equally well on both the selective and nonselective media were considered
stable transformants and were screened by PCR to check for homologous
recombination of the promoter replacement construct at the desired lo-
cus. Lastly, Southern blot analysis that probed for the nourseothricin re-
sistance marker was done to confirm single integration of the PCTR4 cas-
sette that replaced the endogenous RHO1 promoter (data not shown). All
media used in this experiment contained 200M BCS for induction of the
CTR4 promoter. The primers used are shown in Table S1. The resulting
strain was designated PCTR4-RHO1.
Plating assay for determination of the essentiality of RHO1. Strains
were grown in 2 ml of YPD medium containing 200M BCS at 30°C with
shaking overnight. After 14 to 20 h, the cultures were diluted to an OD650
of 1.0 with sterile PBS. Tenfold serial dilutions were made, and 5l of each
dilution was plated on YPD medium containing either 25 M cupric
sulfate (CuSO4) or 200M BCS. Plates were incubated at 30°C for up to 5
days.
Cell wall inhibitor, temperature, nitrosative, and oxidative stress
sensitivity assays. Strains were grown in 2 ml of YPD medium overnight
at 30°C in a shaking incubator. After 14 to 20 h, the cultures were diluted
to an OD650 of 1.0 with PBS. Five microliters each of 10-fold serial dilu-
tions were plated on YPD solid medium containing the following cell wall
stressors: 0.5, 1.0, and 1.5 mg/ml calcofluor white (CFW) (Fluorescent
Brightner 28, F-3543; Sigma); 0.2, 0.5, and 1.0 mg/ml caffeine (C-0750;
Sigma); 0.01%, 0.03%, and 0.06% SDS, and 0.5% Congo red (C-6767;
Sigma). Plates were incubated at 30°C for 2 to 5 days and photographed.
To test for temperature sensitivity, strains were plated on solid YPD me-
dium and incubated at 25°C, 30°C, 37°C, or 39°C for up to 5 days. To test
for nitrosative and oxidative stress sensitivities, strains were plated on
solid YNB or YPD medium (pH 4.0 and pH 7.0) containing 1 mM NaNO2
(pH 4.0 only), 0.5 mM or 1 mM H2O2, or 1 mM diamide and incubated at
30°C for up to 7 days (17).
Capsule analysis.Cells grown on YPD plates for 2 days were plated on
13.4 g/liter Dulbecco’s modified Eagle’s medium (DMEM) (D-5648;
Sigma) containing 25 mM MOPS, pH 7.0, and 1.8% agar and incubated in
Lam et al.
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the presence of 5% CO2 for 5 days at 30°C. Capsule-induced strains were
resuspended in a 1:4 India ink-H2O solution and photographed on an
Olympus BX61 microscope. Capsule diameter was measured and aver-
aged for a minimum of 100 cells per strain using SlideBook, version 5.0.
Differences in capsule diameters were tested for statistical significance
using a one-way analysis of variance (ANOVA) with a Dunnett’s t posthoc
test to compare each mutant strain to WT. The level of significance ()
was set at 0.05, and statistical analyses were done using PASW Statistics 18,
release version 18.0.3 (SPSS, Inc., Chicago, IL).
Analysis of melanin production. Strains were grown overnight in 2
ml of YPD medium at 30°C with shaking and diluted to an OD650 of 1.0
with PBS. Five microliters each of 10-fold serial dilution were plated on
solid L-DOPA medium (13 mM glycine, 15 mM glucose, 29.4 mM
KH2PO4, 10 mM MgSO4-7H2O, 3M thiamine, 5M D-biotin, 2% agar,
and 1 mM L-DOPA, pH 5.5) and incubated at 30°C for up to 7 days in the
dark. The ability of cells to produce pigment was assessed visually.
Western blot analysis.Yeast cells were grown overnight at 25°C to late
logarithmic phase in 50 ml of YPD medium or YPD medium supple-
mented with 1 M sorbitol for the pkc1 strain and relevant controls. For
heat shock, cells were diluted 1:1 with YPD medium or YPD medium
supplemented with 1 M sorbitol prewarmed at 55°C and further grown at
39°C for 1 h unless noted otherwise. Control cells were diluted 1:1 with
room temperature YPD or YPD medium supplemented with 1 M sorbitol
medium and grown further at 25°C. After indicated times, cells were di-
luted 1:1 with ice-cold stop mix (0.9% NaCl, 1 mM NaN3, 10 mM EDTA,
and 50 mM NaF) (29, 30). The cells were harvested at 652 g at 4°C for 10
min and then washed once in ice-cold stop buffer. The cell pellet was
resuspended in 1 ml of 1 lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 5 mM EDTA, pH 8.2, 5 mM EGTA, 0.2 mM Na3VO4, 50 mM
potassium fluoride [KF], 30 mM sodium pyrophosphate, 15 mM p-nitro-
phenylphosphate, 1 protease inhibitor cocktail [11836170001; Roche],
and 10 l/ml, each, phosphatase inhibitor cocktail I and II [P-2850 and
P-5726; Sigma]). Approximately 1 ml of the resuspended cells was beaten
for 10 min at 4°C with 0.75 ml of 0.5 mm zirconia/silica beads (11079105z;
BioSpec Products, Inc.) on a Disruptor Genie. Lysates were spun down at
20,800 g at 4°C for 20 min, and the supernatants were collected. Protein
concentrations were determined using Quick Start Bradford dye reagent
(500-0205; Bio-Rad). For each sample, 50 g of total protein was loaded
on 10% Mini-Protean TGX precast gels (456-1033; Bio-Rad) and trans-
ferred to nitrocellulose. For phosphorylated Mpk1 determination, a
1:2,500 dilution of phospho-p44/42 MAPK (Thr202/Tyr204) rabbit poly-
clonal antibody (4370; Cell Signaling Technology) was used. Total Mpk1
protein independent of phosphorylation was detected using a 1:5,000 di-
lution of DYKDDDDK (Flag) tag rabbit polyclonal antibody (2368; Cell
Signaling Technology). All primary antibodies were diluted in TBST (25
mM Tris-HCl, pH 8.1, 145 mM NaCl, 0.1% Tween 20) plus 5% bovine
serum albumin and allowed to bind overnight at 4°C. Secondary antibod-
ies used were goat anti-rabbit immunoglobulin G, peroxidase conjugated
(A-6154; Sigma) in a dilution of 1:1,000 in Tris-buffered saline–Tween
(TBST). Proteins were detected using an ECL Plus Western blotting de-
tection system (RPN2132; GE Healthcare).
RESULTS
Identification of C. neoformans Rho GTPases. In S. cerevisiae,
maintenance of cell integrity is controlled through the protein
kinase C1 (PKC1) signaling pathway, which is regulated by the
Rho1 GTPase (2). We utilized BLASTp homology with S. cerevi-
siae Rho1p to identify potential C. neoformans GTPases. This
search yielded five homologues of Rho1. Reciprocal BLAST anal-
ysis revealed that two of these genes were more homologous to the
S. cerevisiaeGTPase Cdc42p than to Rho1p.C. neoformans CDC42
andCDC420have recently been characterized by Ballou et al. (19).
The remaining three C. neoformans homologues were more simi-
lar to S. cerevisiaeRho1p than to Rho2p, Rho3p, Rho4p, or Rho5p.
Therefore, we named the cryptococcal Rho proteins Rho1, Rho10
and Rho11 (Table 1). Further analysis revealed that all three C.
neoformans Rho homologues are highly conserved and that Rho1,
Rho11, Cdc42, and Cdc420 contained prenylation modification
sites at the C terminus, which are important for proper localiza-
tion and function (Fig. 1) (2, 19; also the present study). Interest-
ingly, Rho10 did not possess a predicted prenylation site at the C
terminus, despite its high homology to both S. cerevisiae and C.
neoformans Rho1 proteins. Thus, C. neoformans Rho10 may be
atypical among the small GTPases (31).
Two RHO1 homologues, RHO10 and RHO11, are nonessen-
tial, and a rho10 rho11 deletion strain is viable. In order to
elucidate functional roles for the Rho GTPases, individual tar-
geted gene deletions of C. neoformans homologues RHO10,
RHO11, CDC42, and CDC420 were generated by homologous re-
combination in KN99 or the Mpk1-Flag fusion background
strain. A strain containing gene deletions in both RHO10 and
RHO11 was created by homologous recombination utilizing bi-
olistic transformation of the rho10 deletion construct into the
rho11 strain containing the Mpk1-Flag fusion protein. Gene de-
letion cassettes were generated using overlap PCR (22). Identifi-
cation of specific KN99 gene sequences and design of the primers
to generate the gene deletion cassettes were performed using the
Gene Deletion Pipeline (18, 32). All mutants generated in this
work were positive for homologous recombination with 5= and 3=
PCR screens, amplified a product of the appropriate size for the
entire locus, and had a single insertion site by Southern blotting
using a portion of the drug resistance marker as a probe, and all
were analyzed by the same methods, as described previously (18,
32). Although only one isolate may be shown for each strain, an
additional independent isolate each for the rho10 and rho11
strains as well as three independent isolates for the rho10 rho11
strain yielded identical results in all experiments. Table 2 depicts
the mutant strains created and used in this study.
C. neoformans RHO1 is essential. After numerous failed at-
tempts in generating a targeted gene deletion for RHO1, we at-
tempted to determine if this gene was essential by replacing the
endogenous promoter with the repressible copper promoter,
PCTR4 (28). The resulting strain, PCTR4-RHO1, was viable in the
absence of copper; however, when the gene was repressed using
CuSO4, it failed to grow (Fig. 2). This result demonstrated that C.
neoformans RHO1 was essential for viability and suggests that it
may be functionally similar to the S. cerevisiae RHO1, which is also
essential and controls many aspects of growth in baker’s yeast.
The rho1G15V point mutant and the rho10 and rho10
rho11 deletion mutants exhibit growth defects, and the
rho1Q64L strain reveals smaller colonies at elevated tempera-
tures. C. neoformans is thought to initially establish infection in
TABLE 1 Identification of C. neoformans Rho and Cdc42 small GTPases
Protein name Locus tag
NCBI accession no.
(strain JEC21)
E value for
S. cerevisiae
Rho1p query
Rho1 CNAG_03315 XP_572018 7.00E82
Rho10 CNAG_03130 XP_572105 8.00E56
Rho11 CNAG_06606 XP_571709 2.00E54
Cdc42 CNAG_05348 XP_572208 5.00E54
Cdc420 CNAG_05968 XP_571459 1.00E49
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the lungs via inhalation of spores or small yeast cells by mamma-
lian hosts. It is logical to believe that elevated temperature is one of
the first stresses that C. neoformans encounters upon inhalation
by the host. C. neoformans Rho1 point mutants rho1G15V and
rho1Q64L, first generated by Chang and Penoyer (20), were previ-
ously described as constitutively active based on amino acid con-
servation and homology to Rho1 proteins from other organisms.
We generated these mutants in the KN99 background along with
FIG 1 C. neoformans has three Rho GTPase homologues. Alignment of three identified C. neoformans (Cn) Rho1 homologues, Rho1, Rho10, and Rho11, with
S. cerevisiae (Sc) Rho1p. Boxed in light gray are conserved domains for GTP hydrolysis, effector (putative site for interaction with target proteins), Rho insert
(essential for Rho kinase activation), and putative membrane localization, including the prenylation site CAAX, where A represents an aliphatic amino acid (note
that this site is conserved in CnRho1 and Rho11 but not in Rho10). Boxed in dark gray are the conserved glycine at amino acid position 15 and glutamine at
position 64 that were mutated to valine and leucine, respectively, in the C. neoformans Rho1 protein to generate constitutively active point mutants.
TABLE 2 Strains used and generated in this study
Strain
Resistance
marker(s)
Mating
type
Strain
background
Strain
designation
Source or
reference
KN99 None MAT JLCN434 21
Mpk1-Flag G418R MAT JLCN434 JLCN559 17
PCTR4-RHO1 NAT
R MAT JLCN434 JLCN574 This study
rho1G15V strain G418R MAT JLCN434 JLCN671 This study
rho1G15V strain G418R, NATR MAT JLCN559 JLCN711 This study
rho1G15V::RHO1 NATR MAT JLCN559 JLCN771 This study
rho1Q64L strain G418R MAT JLCN434 JLCN672 This study
rho1Q64L strain G418R, NATR MAT JLCN559 JLCN714 This study
rho1Q64L::RHO1 strain NATR MAT JLCN559 JLCN773 This study
rho10 strain NATR MAT JLCN434 WLCN724 This study
rho10 strain NATR, G418R MAT JLCN559 WLCN831 This study
rho10::RHO10 strain None MAT JLCN434 WLCN732 This study
rho10::RHO10 strain G418R MAT JLCN559 WLCN1088 This study
rho11 strain HYGR MAT JLCN559 WLCN817 This study
rho11 strain HYGR MAT JLCN559 WLCN1129 This study
rho10 rho11 strain NATR, HYGR MAT JLCN559 WLCN1036 This study
rho10 rho11 strain NATR, HYGR MAT JLCN559 WLCN1132 This study
pkc1 strain NATR, G418R MAT JLCN559 KGCN858 17
bck1 strain HYGR, G418R MAT JLCN559 KGCN986 This study
mkk2 strain HYGR, G418R MAT JLCN559 KGCN988 This study
mpk1 strain NATR MAT JLCN559 KGCN861 17
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single and double deletion mutants of the remaining RHO1 ho-
mologues, RHO10 and RHO11. To determine if any of the rho
mutants exhibited growth defects at elevated temperatures, we
examined the growth of rho1G15V, rho1Q64L, rho10, rho11, and
rho10 rho11 strains at 37°C and 39°C compared to growth at
25o and 30°C (Fig. 3A and B). Although neither rho1 mutant dis-
played pronounced growth defects at 37°C, the rho1G15V strain
showed markedly impaired growth at 39°C of 4 to 5 orders of
magnitude compared to growth at permissive temperatures and to
the wild type at 39°C. Additionally, the rho1Q64L mutant exhibited
a noticeably smaller colony size at 39°C that was not apparent at
any other temperature (Fig. 3A). The high temperature growth
defect of each point mutant was remediated by replacing each
mutant allele with the wild-type RHO1 gene in the original locus
(Fig. 3A). Addition of the osmotic stabilizer sorbitol to the me-
dium was unable to rescue the growth defect of the rho1G15V strain
at 39°C (Fig. 3A).
A strain with a deletion of RHO10 displayed pronounced
growth defects at 37°C of 4 to 5 orders of magnitude compared to
the wild type and to growth of the rho10 strain at permissive
temperatures and was unable to grow at 39°C (Fig. 3B). Temper-
ature sensitivity was fully remediated by the complemented
rho10::RHO10 strain (Fig. 3B). Similarly to growth of the rho10
strain, growth of a strain lacking both RHO10 and RHO11 was
severely impaired at 37°C and 39°C (Fig. 3B). Partial rescue of
temperature sensitivity by the addition of sorbitol to the medium
occurred but was more enhanced for the rho10 rho11 strain
than for one containing only a single rho10 deletion (Fig. 3B). A
strain with a deletion of RHO11 exhibited no defects at any tem-
perature tested (Fig. 3B).
The PKC1 cell integrity pathway is activated in response to
thermal stress. The PKC1 cell integrity pathway in C. neoformans
is comprised of three downstream MAP kinases: Bck1 (MAPK
kinase kinase [MAPKKK]), Mkk2 (MAPKK), and the presumed
terminal kinase Mpk1 (MAPK) (18, 33). For all experiments in
this study, we chose to examine the kinetics of PKC1 pathway
activation by shifting cells rapidly from 24°C to 39°C by dilution in
prewarmed medium for 1 h (29). To first determine whether the
PKC1 pathway was activated in response to thermal stress, a wild-
type strain containing the Mpk1 epitope tagged with Flag was
grown at 24°C and then subjected to thermal stress at 39°C. Uti-
lizing an antibody specific for phosphorylated Mpk1, an increase
in Mpk1 phosphorylation was observed in protein lysates after
heat shock at 39°C at 15, 30, 45, and 60 min compared to cells that
had been left at 24°C with no heat shock (Fig. 4A). This indicated
that the PKC1 pathway was activated in response to thermal stress.
Using an anti-Flag antibody to detect total Mpk1 independent of
phosphorylation, we demonstrated that the total amount of Mpk1
protein did not change when cells were heat shocked at 39°C com-
pared to 24°C. The specificity of the anti-Mpk1 phospho-antibody
was also validated because there was no detectable phosphoryla-
tion of Mpk1 with or without heat shock in a strain with a deletion
of MPK1 (Fig. 4B). Thus, we concluded that phosphorylation of
FIG 2 C. neoformans RHO1 is essential. KN99 and PCTR4-RHO1, a strain
with the endogenous RHO1 promoter replaced by a copper-repressible pro-
moter, were grown overnight in YPD medium containing 200M BCS at 30°C
and then diluted to an OD650 of 1.0 in PBS. Five microliters of 10-fold serial
dilutions were plated onto YPD plates containing either 200 M BCS to allow
expression of RHO1 from the copper promoter or 25 M CuSO4 to repress
expression of RHO1 from this promoter. The ability of cells to grow was ana-
lyzed after 2 and 5 days (shown) at 30°C.
FIG 3 The rho1G15V and rho1Q64L point mutants as well as both rho10 and rho10 rho11 strains are temperature sensitive, and this sensitivity is remediated
by osmotic stabilization only for strains containing a deletion of RHO10. Cultures of strains were grown overnight in YPD medium at 30°C then diluted to an
OD650 of 1.0. Five microliters of 10-fold serial dilutions were plated onto YPD plates with or without 1 M sorbitol (Sorb) and grown at indicated temperatures
for 5 days. Strain names or genotypes are indicated to the left of each panel.
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Mpk1, the downstream kinase in the PKC1 pathway, was in-
creased as a result of thermal stress, that this response served as a
readout and defined PKC1 pathway activation, and that this phos-
phorylation event was specific to Mpk1.
Rho1 rho1G15V and rho1Q64Lpointmutants are constitutively
active asmeasured by PKC1pathway activation viaMpk1 phos-
phorylation. It has been shown in S. cerevisiae that Rho1p inter-
acts both genetically and biochemically with Pkc1p, and it is likely
that at least one of the C. neoformans Rho proteins, presumably
Rho1, interacts directly with Pkc1 and is involved in cell integrity
pathway activation (34, 35). To test if there is a relationship be-
tween Rho1 and the PKC1 pathway in C. neoformans, we decided
to generate constitutively active alleles of Rho1. In S. cerevisiae,
two specific point mutants of RHO1 were each shown to be con-
stitutively active, and both prevent intrinsic and GTPase-activat-
ing protein (GAP)-induced GTP hydrolysis, locking the strains in
the activated form (36). The analogous substitutions in C. neofor-
mans RHO1 were predicted to be constitutively active based on
amino acid conservation and homology to Rho1 proteins from
other organisms and growth phenotypes when these mutants were
heterologously expressed in S. cerevisiae (20). We generated C.
neoformans strains carrying these alleles with amino acid substitu-
tions of Val for Gly at amino acid 15 or Leu for Gln at amino acid
64 in the Mpk1 Flag-tagged strain.
In an attempt to demonstrate definitive constitutive activation,
we tested the Rho1 point mutants for their ability to phosphory-
late Mpk1 at 24°C in the absence of stress. Both the rho1G15V and
rho1Q64L strains were able to phosphorylate Mpk1 at 24°C after
cells were grown overnight and then split into aliquots and
diluted with fresh YPD medium at room temperature for an
additional hour. Using Mpk1 phosphorylation as a readout for
PKC1 pathway activation, these results demonstrated defini-
tively that the rho1G15V and rho1Q64L mutants were constitu-
tively active and suggested that Rho1 was involved directly in
the activation of the cell integrity pathway (Fig. 5, lanes 3 and
7). Furthermore, replacement of the rho1 point mutant with
the wild-type RHO1 allele restored the Mpk1 phosphorylation
of the wild-type strain, indicating that constitutive activation
of Mpk1 was a direct result of mutation of either glycine or
glutamine at amino acid position 15 or 64, respectively (Fig. 5,
lanes 5 and 9).
The rho1G15V and rho1Q64L constitutively active Rho1 point
mutants result in increased phosphorylation of Mpk1 at high
temperatures. Although we demonstrated that the rho1G15V and
rho1Q64L strains with point mutations of Rho1 phosphorylated
Mpk1 at 24°C and thus that both of these mutants constitutively
activated the PKC1 pathway in the absence of stress (Fig. 5, lanes 3
and 7), it was also important to determine the effect of heat shock
on these mutants. After cells were shifted to 39°C for 1 h, there was
an increase in Mpk1 phosphorylation compared to that observed
with lysates of cells that remained at 24°C (Fig. 5, lanes 4 and 8).
Thus, the introduction of thermal stress to both the rho1G15V and
rho1Q64L constitutively active rho1mutant strains had a synergistic
effect on the phosphorylation status of Mpk1 although no varia-
tion of total levels of Mpk1 in either of these strains was observed
(Fig. 5).
A strain with a RHO10 deletion is constitutively active for
Mpk1 phosphorylation. To determine the involvement of
RHO10 in the activation of the PKC1 cell integrity pathway in
response to thermal stress, we first analyzed phosphorylation of
Mpk1 in a rho10 strain at 24°C. WhenRHO10was deleted, Mpk1
was phosphorylated at 24°C, independent of any stress induction
(Fig. 6A, lane 3). This was similar to what was observed biochem-
ically with both rho1 constitutively active mutants. The rho10
mutant was temperature sensitive at 37°C (Fig. 3), yet Mpk1 phos-
phorylation was constitutive even at a permissive temperature in
this strain, which suggested that the PKC1 pathway was activated.
Total amounts of Mpk1 remained unchanged at 24°C for this
mutant, and the levels were similar to those seen for wild type (Fig.
6A, bottom panel).
FIG 4 Mpk1 phosphorylation is induced in wild-type cells in response to
thermal stress and the anti-Mpk1 phospho-antibody is specific for phos-
phorylation of Mpk1. (A) KN99 cells harboring the Mpk1 Flag-tagged
construct were grown overnight in YPD medium at 24°C and then split the
next morning into two aliquots. To one aliquot, an equal volume of YPD
medium at room temperature was added, and cells were grown for an
additional 15, 30, 45, and 60 min at 24°C. To the second aliquot, an equal
volume of YPD medium prewarmed to 55°C was added, and the cells were
heat shocked for the same number of minutes at 39°C. Western blots con-
taining 50 g of total protein from cell lysates were analyzed by probing
sequentially with anti-Mpk1 phospho-antibody and then anti-Flag anti-
body after the membrane was stripped. (B) The Mpk1 Flag-tagged and
mpk1 strains were treated as described for panel A, but heat shocked for 1
h only. Blots were probed sequentially with anti-Mpk1 phospho-antibody,
anti-Flag antibody, and finally anti- actin antibody for a loading control
after the membrane was stripped.
FIG 5 Mutants that harbor either rho1G15V or rho1Q64L in place of endogenous
Rho1 are constitutively active independent of heat shock, and Mpk1 phosphor-
ylation is increased with thermal stress compared to that observed at permis-
sive temperatures. KN99, rho1G15V, rho1G15V::RHO1, rho1Q64L, and
rho1Q64L::RHO1 strains were grown overnight in YPD medium at 24°C and
then split the next morning into two aliquots. To one aliquot, an equal volume
of YPD medium at room temperature was added, and cells were grown an
additional hour at 24°C. To the second aliquot, an equal volume of YPD me-
dium prewarmed to 55°C was added, and the cells were grown for one addi-
tional hour at 39°C. Western blots containing 50 g of total protein from cell
lysates were analyzed by probing sequentially with anti-Mpk1 phospho-anti-
body and then anti-Flag antibody after the membrane was stripped. All strains
are in the Mpk1 Flag-tagged background.
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A strain with a deletion of RHO10 had increased phosphor-
ylation ofMpk1 in response to heat shock. Although we demon-
strated that, similar to the constitutively active rho1 point mutant
strains, the rho10 strain phosphorylated Mpk1 at 24°C and thus
constitutively activated the PKC1 pathway in the absence of stress
(Fig. 6A, lane 3), it was also imperative to determine the biochem-
ical effect of heat shock on a strain with a deletion ofRHO10. After
cells were shifted to 39°C for 1 h, there was an increase in Mpk1
phosphorylation compared to that observed in lysates of cells that
remained at 24°C (Fig. 6A, lane 4). Thus, subjection of a strain
with a deletion of RHO10 to thermal stress had a synergistic effect
on Mpk1 phosphorylation, similar to what was observed for both
rho1 point mutants. Moreover, similar to what was seen for the
rho1G15V and rho1Q64L mutants, no variation in the total amount
of Mpk1 was observed for the rho10 strain (Fig. 6A, bottom
panel).
RHO11 is not required for Mpk1 phosphorylation in re-
sponse to thermal stress.To determine the role of the thirdRHO1
homologue, RHO11, in the activation of the PKC1 pathway in
response to thermal stress, we measured the phosphorylation of
Mpk1 in two independently generated rho11 strains at both 24o
and 39°C. In the absence of RHO11, C. neoformans was able to
phosphorylate Mpk1 in response to heat shock similarly to wild
type; the MAPK was phosphorylated at 39°C, but phosphorylation
was essentially absent at a permissive temperature (Fig. 6B, lanes 3,
4, 7, and 8). The total amount of Mpk1 remained essentially un-
changed (Fig. 6B, bottom panel).
A strain with a deletion of both RHO10 and RHO11 demon-
stratesMpk1phosphorylation similar towild type upon subjec-
tion to thermal stress. A strain containing deletions in both
RHO10 andRHO11was barely able to survive at 37°C, similar to a
rho10 single deletion strain (Fig. 3B). Therefore, we hypothesized
that, like a strain lacking only RHO10, a rho10 rho11 strain
would constitutively activate the PKC1 pathway and phosphory-
late Mpk1 even at permissive temperatures. Surprisingly, this was
not the case. Rather, Mpk1 phosphorylation of four independent
rho10 rho11 strains mimicked that of the wild type, thus dem-
onstrating the lack of a direct correlation between PKC1 pathway
activation as measured by Mpk1 phosphorylation and the cells’
ability to survive at high temperatures (Fig. 6B, lanes 5, 6, 9, and 10
and data not shown). The contrasting phosphorylation patterns of
strains containing single rho10 or rho11 deletions taken together
with these data regarding the double mutant led to the idea that
perhapsRHO10 andRHO11 have opposing roles inC. neoformans
regarding cell integrity and PKC1 pathway activation.
The rho1G15V and rho1Q64L point mutants and rho10 and
rho10 rho11 deletion mutants exhibit cell integrity defects.
PKC1 cell integrity pathway components and regulators ofC. neo-
formans that have been identified previously have been shown to
be critical for resistance to a variety of cell wall stresses (17, 18, 33).
Therefore, we examined potential involvement of the Rho
GTPases with the PKC1 pathway by determining mutant strain
sensitivities to cell wall stressors. Mutant strains were subjected to
medium containing sodium dodecyl sulfate (SDS), which disrupts
the plasma membrane and lyses cells with cell wall defects, calco-
fluor white (CFW), which binds to chitin and to a lesser extent
glucan and disrupts the cell wall (37–39), sodium chloride (NaCl),
which induces osmotic stress, Congo red, which binds to -1,4-
glucans and interferes with cell wall construction (40), and caf-
feine, which has been used extensively in S. cerevisiae to identify
mutants defective for signal transduction (41). The constitutively
active rho1G15V mutant exhibited smaller colonies on and was
more sensitive to both calcofluor white and Congo red by 2 to 3
orders of magnitude than both the wild type and the rho1G15V
mutant on YPD medium alone. This point mutant was approxi-
mately 3 orders of magnitude more sensitive to caffeine and dead
on 0.03% SDS compared to both growth on YPD medium alone
and also to the wild type (Fig. 7A). In contrast, the rho1Q64L mu-
tant was severely impaired (4 orders of magnitude more sensi-
tive) when exposed to either calcofluor white or NaCl and also
exhibited smaller colonies on both types of media and did not
grow on 0.01% SDS and 1 mg/ml caffeine (Fig. 7A). Importantly,
all phenotypes for both point mutant strains were rescued by the
corresponding complemented strains (Fig. 7A). It is intriguing
that the two constitutively active rho1 mutants displayed such
marked differences when they were subjected to cell wall-perturb-
ing agents. The cell integrity of the rho1Q64L mutant was more
compromised than that of the rho1G15V mutant, correlating with
an observed increase in constitutive Mpk1 phosphorylation at
24°C (Fig. 5 and 7A). This indicated that although both mutants
constitutively activated the PKC1 pathway biochemically, these
mutations have additional effects on cell integrity that differ from
each other, thereby pointing toward separate and distinct roles for
RHO1 in the cell (Fig. 5, lanes 1, 3 and 7, and 7A).
A strain with a deletion of RHO10 also exhibited cell integrity
phenotypes. This mutant had a slight sensitivity to calcofluor
white (and also exhibited smaller colony size) and failed to grow
on 0.03% SDS and also on 1 mg/ml caffeine compared to growth
on YPD medium alone and also to growth of KN99. The cell in-
tegrity defects shown by the rho10 mutant were completely re-
stored with the complemented strain carrying rho10::RHO10
(Fig. 7B).
The rho10 rho11 double mutant, similar to a strain contain-
FIG 6 A strain with a deletion of RHO10 demonstrates constitutive Mpk1
phosphorylation independent of heat shock, phosphorylation is increased at
high temperature, and both rho11 and rho10 rho11 strains confer wild-
type Mpk1 phosphorylation. Strains were grown overnight in YPD medium at
24°C and then split the next morning into two aliquots. To one aliquot, an
equal volume of YPD medium at room temperature was added, and cells were
grown an additional hour at 24°C. To the second aliquot, an equal volume of
YPD medium prewarmed to 55°C was added, and the cells were grown for one
additional hour at 39°C. Western blots containing 50 g of total protein from
cell lysates were analyzed by probing sequentially with anti-Mpk1 phospho-
antibody and then anti-Flag antibody after the membrane was stripped. All
strains are in the Mpk1 Flag-tagged background. Strain names and/or geno-
types are given above the blots.
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ing only a single deletion of RHO10, was severely impaired when
subjected to 0.03% SDS and 1 mg/ml caffeine (Fig. 7B). A strain
with a deletion of both RHO10 and RHO11 produced cells that
were more sensitive to calcofluor white than a strain with a dele-
tion of only RHO10, but the rho10 rho11 strain fared notably
better than the single mutant rho10 strain on 0.5 mg/ml caffeine
(Fig. 7B). A strain with a deletion of RHO11 demonstrated no cell
integrity phenotypes when subjected to any agent tested (Fig. 7B).
Taken together, these data suggest that both RHO1 and RHO10
may play an integral role in the regulation of the PKC1 cell integ-
rity pathway in C. neoformans.
A strain with a deletion of RHO10 confers sensitivity to ni-
trosative stress. We previously demonstrated that both oxidative
and nitrosative stresses activate the PKC1 cell integrity pathway in
wild-type cells, as measured by phosphorylation of Mpk1. We also
determined that PKC1 was necessary for defense against both
H2O2 and NaNO2 in vitro (17). Given the probability that Crypto-
coccus would encounter both or either of these stresses rapidly in
the lung following inhalation by a host, we sought to determine if
any of the RHO genes was necessary for protection. Only a strain
with a deletion of RHO10 was sensitive to 1 mM NaNO2 (Fig. 8).
Furthermore, we observed a decrease in growth of the rho10
rho11 strain in the presence of NaNO2 (1 order of magnitude
compared to growth of this mutant in the absence of nitrosative
stress), but the double mutant displayed much less sensitivity than
the single rho10 mutant. None of the mutants exhibited any
sensitivity to the oxidative stressors H2O2 and diamide (data not
shown).
All rho mutants have melanin production levels similar to
those of thewild type, but rho1G15V and rho1Q64Lmutant strains
display decreased capsule. To further characterize our panel of
Rho GTPase mutants, we chose to analyze two components
known to be critical for virulence, polysaccharide capsule and
melanin production. After induction of capsule on solid
DMEM in the presence CO2 for 5 days, 100 to 300 cells per
strain were analyzed microscopically in the presence of India
ink (India ink is excluded from the capsule and therefore easily
FIG 7 RHO1 andRHO10 are necessary for protection against cell wall stress butRHO11 is dispensable for this response. Cultures of strains were grown overnight
in YPD medium at 30°C then diluted to an OD650 of 1.0. Five microliters of 10-fold serial dilutions were plated onto YPD plates plus the indicated inhibitor (SDS,
sodium dodecyl sulfate; CFW, calcofluor white) and grown at 30°C for 5 days. Strain names or genotypes are indicated to the left of the panels.
FIG 8 A strain with a deletion of RHO10 but not both RHO10 and RHO11 is
sensitive to nitrosative stress. Cultures of strains were grown overnight in YPD
medium at 30°C and then diluted to an OD650 of 1.0. Five microliters of 10-fold
serial dilutions were plated onto freshly made YNB, pH 4.0, plates containing
1 mM NaNO2 and grown for 5 days at 30°C.
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visualized), and capsule diameter was measured. Both the
rho1G15V and rho1Q64L point mutant strains had significantly
decreased capsule sizes (Fig. 9). The median capsule diameter
of the rho1G15V mutant was 1.6  0.43 m, and that of the
rho1Q64L mutant was 1.7  0.56 m, whereas wild-type cells
had a median capsule diameter of 2.4  0.57 m (Fig. 9A).
However, the cell body diameters of both of these mutants were
also somewhat smaller than the cell body diameter of the wild
type, and it remains uncertain if induced capsule size was a
reflection of this trait (Fig. 9B). All strains exhibited melanin
production similar to wild-type levels when plated on medium
containing L-DOPA (data not shown).
PKC1 pathway components Bck1 andMkk2 are required for
Mpk1phosphorylation in response to thermal stress.To further
explore the role of the PKC1 cell integrity pathway in response
to thermal stress, we analyzed deletions in known components
of the pathway upon heat shock at 39°C for 1 h. The MAP
kinases downstream of Pkc1 in C. neoformans consist of Bck1,
Mkk2, and Mpk1, and targeted gene deletions were previously
generated in the Mpk1 Flag-tagged background (18, 33). In C.
neoformans, Bck1 and Mkk2 were required for Mpk1 phos-
phorylation in response to either oxidative or nitrosative stress.
However, they were dispensable for resistance to these stresses
in vitro. This was in contrast to what was seen at host temper-
ature; both the bck1 and mkk2 strains were temperature
sensitive at 37o and 39°C (18). To determine if Bck1 and Mkk2
were required for Mpk1 phosphorylation during heat shock,
we analyzed Mpk1 phosphorylation in bck1 and mkk2
strains. In the absence of BCK1 or MKK2, C. neoformans was
unable to phosphorylate Mpk1 in response to heat shock at
39°C, but the total amounts of Mpk1 remained unchanged
(Fig. 10A). These data showed definitively that the PKC1
downstream pathway components Bck1 and Mkk2 were re-
quired for Mpk1 phosphorylation and thereby activation of the
cell integrity pathway in response to thermal stress.
PKC1 is dispensable for Mpk1 phosphorylation in response
to thermal stress. The major regulator of the PKC1 cell integrity
FIG 9 The constitutively active rho1G15V and rho1Q64L mutant strains display decreased capsule size compared to wild-type cells. Capsule was induced by
growing cells on DMEM plates in the presence of 5% CO2 for 5 days at 30°C. Cells were stained with a 1:4 India ink-H2O solution, and capsule diameter was
measured for a minimum of 100 cells per strain. (A) Differences in capsule diameters were tested for statistical significance using a one-way ANOVA with a
Dunnett’s t posthoc test to compare each mutant or deletion strain to the WT (see Materials and Methods). Open circles represent measurements that were	1.5
to 3.0 times the interquartile range. Asterisks represent measurements that were greater than three times the interquartile range. (B) Microscopic representation
of India ink-stained cells for each strain at a magnification of400.
FIG 10 The PKC1 pathway components Bck1 and Mkk2 are necessary but
Pkc1 is dispensable for phosphorylation of Mpk1 in response to thermal stress
inC. neoformans. (A) KN99, bck1, andmkk2 strains were grown overnight
in YPD medium at 24°C and then split the next morning into two aliquots. To
one cell aliquot, an equal volume of YPD medium at room temperature was
added, and cells were grown an additional hour at 24°C. To the other cell
aliquot, an equal volume of YPD medium prewarmed to 55°C was added, and
the cells were grown for one additional hour at 39°C. Western blots containing
50 g of total protein from cell lysates were analyzed by probing sequentially
with anti-Mpk1 phospho-antibody and then anti-Flag antibody after the
membrane was stripped. All strains are in the Mpk1 Flag-tagged background.
Identical results were obtained when experiments with KN99, bck1, and
mkk2 strains were done using YPD medium containing 1 M sorbitol. (B)
KN99 and pkc1 strains in the Mpk1 Flag-tagged background were treated
identically to samples described in panel A, but all YPD medium contained 1 M
sorbitol due to the conditional lethality of the pkc1 deletion strain.
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kinase cascade in C. neoformans is believed to be PKC1, and a
conditional lethal gene deletion was previously generated in the
Mpk1 Flag-tagged strain. PKC1was previously shown to be essen-
tial for Mpk1 phosphorylation in response to both nitrosative and
oxidative stresses (17). This gene was also found to be required for
response to high temperature; a pkc1 strain did not grow at either
37o or 39°C in vitro. Because the PKC1 pathway components
BCK1 andMKK2were shown to be necessary for Mpk1 phosphor-
ylation in response to heat shock, we also chose to examine the
response of a strain with a deletion of the vital regulator of cell
integrity, PKC1. We hypothesized that, given this gene’s impor-
tance in maintenance of cell integrity and the myriad of pheno-
types observed in a pkc1mutant, this gene would be required for
cell integrity pathway activation as measured by Mpk1 phosphor-
ylation. Surprisingly, a strain with a deletion of PKC1 was able to
phosphorylate Mpk1 upon induction of thermal stress in a man-
ner that mirrored the wild-type strain. Furthermore, the total
amount of Mpk1 remained unchanged (Fig. 10B). These results
indicated that PKC1 was dispensable for the Mpk1 phosphoryla-
tion response to heat shock. Taken together with results demon-
strating that the pathway components BCK1 and MKK2 are nec-
essary for Mpk1 phosphorylation, these data implied that there are
inputs downstream and independent of PKC1 that are crucial for
signaling and/or regulating the response of C. neoformans to ther-
mal stress.
DISCUSSION
In this study, we analyzed mutant strains of C. neoformans RHO
homologues (rho1G15V, rho1Q64L, rho10, rho11, and rho10
rho11 strains) and their responses to thermal stress via the PKC1
cell integrity pathway. S. cerevisiae has multiple Rho proteins, and
Rho1p is the major Rho protein involved in activation of the cell
integrity pathway. C. neoformans encodes three proteins which
have closer homology to S. cerevisiae Rho1p than to the other S.
cerevisiae Rho proteins, hinting that C. neoformans may use mul-
tiple Rho proteins to modulate the PKC1 cell integrity pathway.
We determined that these three genes have distinct roles in signal-
ing in response to high temperature and showed that RHO1 is an
essential gene by utilization of the repressible copper promoter,
PCTR4. C. neoformans Rho1 protein is 77% identical to S. cerevisiae
Rho1p, and the latter has been shown to interact both biochemi-
cally and genetically in its GTP-bound form with the MAP kinase
Pkc1p (34, 35). Rho1p is also required in S. cerevisiae for 1,3--D-
glucan synthase activity (42). Given that RHO1 is essential, it is
likely that this gene has similar important roles in C. neoformans.
In this study, we have begun to reveal functions for each individual
Rho homologue and its distinct role in response to thermal stress.
TheC. neoformansRho1 rho1G15V and rho1Q64L point mutants,
which generate amino acid substitutions in phosphate and mag-
nesium binding sites, were first generated by Chang and Penoyer
(20) and described as constitutively active based on amino acid
conservation and homology to Rho1 proteins from other organ-
isms. In this study, we further characterized these mutants in C.
neoformans to demonstrate that both of them constitutively acti-
vate the PKC1 pathway. These activating mutations made in
highly conserved amino acids prevent intrinsic and GTPase-acti-
vating protein (GAP)-induced GTP hydrolysis have been utilized
extensively in other systems (36). Using phosphorylation of
Mpk1, the presumed terminal kinase in the PKC1 cell integrity
pathway, as a measure of activation, we demonstrated that each of
the Rho1 point mutant strains constitutively phosphorylates
Mpk1 independent of stress (Fig. 5).
Interestingly, rho1G15V and rho1Q64L strains, when subjected to
cell wall-inhibiting agents, both exhibit detrimental phenotypes,
but the rho1Q64L strain is more severe, and one could speculate
that this is a result of persistent increased phosphorylation of
Mpk1 that reduces the cells’ ability to maintain integrity (Fig. 5
and 7A). Conversely, the rho1G15V strain exhibits greater temper-
ature sensitivity than the rho1Q64L mutant at 39°C (Fig. 3A). The
differential effects of these two alleles are supported by previous
work in whichC. neoformans RHO1 orRHO1 point mutants iden-
tical to the two used in this study were overexpressed in C. neofor-
mans using a GAL7 promoter in a strain that still contained wild-
type RHO1. Induced expression of the wild-type RHO1 or the
rho1G15V allele produced no discernible growth defects, but in-
duced expression of the more severe rho1Q64L allele resulted in
detrimental phenotypes. This suggests that the two mutant alleles
have inherent differences in their activity. Because the phosphor-
ylation levels of Mpk1 were similar for both mutants, these differ-
ences could be a result of Rho1 activation or expression levels of
Rho1 that affect other cellular functions. Preliminary data from
our laboratory indicate that expression of RHO1 is decreased in
the rho1Q64L strain approximately 2-fold compared to the wild
type when cells are grown at 24°C and 3-fold when cells are sub-
jected to heat shock at 39°C for 1 h, whereas RHO1 expression is
largely unaffected in the rho1G15V strain at either temperature (un-
published data). Taken together, these data suggest that expres-
sion of Rho1 as well as regulation of the PKC1 pathway is critical
for fitness of fungal cells, and that balance likely contributes to
cells’ ability to flourish.
It is intriguing that mutants which presumably render Rho1
constitutively active display phenotypes similar to cell wall mu-
tants. One hypothesis is that constitutive phosphorylation of
Mpk1 has no deleterious effects but that constitutive activation of
Rho1 results in adverse phenotypes that are unrelated to the PKC1
cell integrity pathway. Another possibility is that extended activa-
tion of the PKC1 pathway itself is deleterious and that the ability to
downregulate is critical for proper maintenance of cell integrity.
The importance of downregulation of the PKC1 pathway is sug-
gested by the gradual decrease in Mpk1 phosphorylation follow-
ing a peak at approximately 30 min after the introduction of ther-
mal stress for wild-type cells (Fig. 4). Either of these hypotheses is
supported by previous work in which C. neoformans rho1G15V and
rho1Q64L point mutants similar to the two used in this study were
overexpressed in S. cerevisiae under the control of the GAL1 pro-
moter. When S. cerevisiae was grown on galactose, both alleles
inhibited growth although the Q64L allele had a more severe de-
fect than the G15V allele (20).
Considerable effort went into the generation of independent
rho11 deletion strains, and it is worth noting that multiple unsuc-
cessful attempts were made to complement the deletion strain in
the RHO11 locus. This could be due at least in part to the close
proximity ofRHO11 to the centromere of chromosome 7, a region
known to contain transposable element-like repetitive sequences,
making it difficult for homologous recombination to occur. An-
other reason for this difficulty could be that the 3= untranslated
region (UTR) of this gene is proximal to the promoter region of
the catalytic subunit of polymerase alpha, which is most certainly
an essential gene in C. neoformans and unequivocally important
for DNA replication and cell survival.
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Our data suggest that, in addition to Rho1, both Rho10 and
Rho11 together play a vital role in regulating the cell integrity
pathway. At 24°C, wild-type C. neoformans does not activate the
cell integrity pathway, as measured by Mpk1 phosphorylation
(Fig. 4A), but when Rho10 is absent, Mpk1 is abundantly phos-
phorylated at 24°C and hyperphosphorylated at 39°C, and the
wild-type pattern of phosphorylation is restored when RHO11
and RHO10 are both deleted (Fig. 6). Figure 11 depicts a model
that is consistent with these observations as well as with the in vitro
phenotypes concerning temperature and cell wall stress in these
mutant strains. In this proposed model, Rho1 does not activate the
pathway at lower temperatures but is the major activator of the
pathway at higher temperatures. Rho11 can activate the pathway
at all temperatures, but Rho10 interferes with or represses this
activation at permissive temperatures. At higher temperatures,
Rho10 repression is released, allowing Rho11 to activate the path-
way. This is consistent with the fact that deletion ofRHO11 has no
effect on Mpk1 phosphorylation at a permissive temperature and
causes a slight reduction of Mpk1 phosphorylation at 39°C. In
further support of the model, deletion of RHO10 has increased
phosphorylation at 24°C, and the absence of both RHO10 and
RHO11 rescues the hyperphosphorylation seen in the rho10
strain. The increased phosphorylation of Mpk1 in the rho10
strain may be responsible for the detrimental growth defects, sim-
ilar to what is seen with the Rho1 point mutant strains. In the
absence of RHO10, cells exhibit growth sensitivities to both ele-
vated temperatures and cell wall inhibitors (Fig. 3B and 7B). How-
ever, a strain with a deletion of RHO11 yields results similar to
those of the wild type, suggesting that Rho1 is sufficient for acti-
vation of the cell integrity pathway during thermal stress. Inter-
estingly, the rho11 strain, with slightly reduced Mpk1 phosphor-
ylation at 39°C compared to the wild type (Fig. 6B), demonstrates
extreme temperature sensitivity at both 37o and 39°C when plated
on YPD medium containing hygromycin, the selectable marker
used in the generation of the rho11 deletion cassette (data not
shown). This suggests that two stresses combined, high tempera-
ture and the presence of drug, elicit a phenotype that is not appar-
ent with a single stress of high temperature.
Our model predicts that Rho10 represses Rho11 activity at
24°C, but our data also suggest that Rho10 has other functions as
well. If Rho10 were only a repressor of Rho11, then the double
mutant rho10 rho11 strain would have no in vitro phenotypes,
but it behaves similarly to a rho10 strain in that it grows slightly
more slowly than the wild type, even at room temperature. Fur-
thermore, it is sensitive to high temperatures and cell wall-per-
turbing agents (Fig. 3B and 7B) even though the phosphorylation
pattern of Mpk1 is similar to that of the wild type. These data
suggest that Rho10 is required for other activities in the cell that
contribute to cell wall integrity and high temperature growth. One
explanation is that RHO10 may be modulating its effects via as yet
undiscovered components alternative to those in the PKC1 path-
way, indicating that the PKC1 pathway is necessary, but not suf-
ficient, for protection against thermal stress. Interestingly, Rho10
does not possess a classic C-terminal prenylation site, CAAX
(where A represents an aliphatic amino acid), which is important
for membrane localization and function in other known Rho pro-
teins. It does, however, possess a C-terminal polybasic region that
could be instrumental for membrane localization and also possi-
bly for interaction of this small GTPase with guanine nucleotide
exchange factors (43). This may point to a unique and as yet un-
defined function for this protein in C. neoformans.
Our phenotypic and biochemical data combined suggest that
Rho10 and Rho11 may have opposing functions in the cell and act
in concert to balance and coordinately regulate certain aspects of
cell integrity and PKC1 pathway activation. All three of the acti-
vating mutations, rho10, rho1G15V, and rho1Q64L, result in a par-
adoxical negative effect on cell integrity, and this may be due to a
sequestering or imbalance of signaling partners or guanine ex-
change factors (GEFs) that make them active (GTP-bound)
and/or GTPase-activating proteins (GAPS) that render them in-
active (GDP bound). Furthermore, deletion of the C. neoformans
GAP Lrg1, which would likely cause constitutive activation of at
FIG 11 Model for C. neoformans Rho GTPases in protection against thermal
stress and their relationship to the PKC1 cell integrity pathway. (A) Under
growth conditions at 24°C, Rho1 is not active, and Rho11 is negatively inhib-
ited by Rho10. This leads to inactivation of the cell integrity pathway as mea-
sured by Mpk1 phosphorylation. (B) Under thermal stress conditions (39°C
for 1 h), Rho1 signals the activation of the cell integrity pathway, and Mpk1 is
phosphorylated. Rho10 is inactivated, thereby releasing inhibition of Rho11,
resulting in activation of the cell integrity pathway. Rho10 may also positively
regulate an unknown protein or process that leads to the activation of the
thermal stress response independent of Mpk1 phosphorylation (dashed ar-
rows). For thermal stress response, Pkc1 is dispensable; therefore, Rho pro-
teins likely interact with downstream components of the PKC1 pathway
(brackets and solid arrows). Rho1, Rho10, and Rho11 act in concert and re-
quire balance to regulate the precise and critical amount of Mpk1 phosphor-
ylation needed for growth and combating thermal stress.
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least one of the Rho proteins, also demonstrates severe detrimen-
tal phenotypes similar to those seen with rho10, rho1G15V, and
rho1Q64L strains, such as sensitivities to Congo red, SDS, and
growth at high temperature (18). The phenotypes of an lrg1
strain emphasize yet another striking distinction between C. neo-
formans and S. cerevisiae, as deletion of LRG1 in baker’s yeast does
not result in severe cell integrity defects. Additionally, dominant-
activating mutations in either RHO1 or RHO10 may cause altered
localization of these Ras-like signaling components, including
GEFS and GAPS, contributing to the severity of phenotypes and
decreased maintenance of cell integrity observed with rho1G15V,
rho1Q64L, and rho10 strains. Strains harboring either the
rho1G15V or rho1Q64L point mutation in place of wild-type Rho1,
however, do not share the nitrosative stress sensitivity exhibited by
a rho10 strain, supporting the idea that Rho1 and Rho10 have
functions in the cell distinct from each other.
We were interested in determining the response of the PKC1
cell integrity pathway to thermal stress and the RHO gene family’s
involvement in this pathway. Therefore, we chose to examine the
effect of heat shock on strains with deletions of known pathway
components (18). A striking finding in this study was that, al-
though Bck1 and Mkk2 are necessary for Mpk1 phosphorylation
and thus PKC1 pathway activation upon heat shock, Pkc1 is not
required for this response (Fig. 10). This is in direct contrast to
what has been observed with pkc1 mutants in S. cerevisiae, where
Pkc1 was found to be necessary for pathway activation in response
to thermal stress (29). These data strengthen the idea that signal-
ing components in C. neoformans, although highly conserved,
have diverged enough to elicit distinct responses to stress that
differ dramatically from those in the well-studied baker’s yeast.
Furthermore, Pkc1 was previously shown to be required for re-
sponse to nitrosative stress in C. neoformans, so it is clear that the
response of Mpk1 phosphorylation and PKC1 pathway activation
differ in specificity between thermal and nitrosative stress in this
opportunistic pathogen (17). The current studies emphasize that
although Pkc1 has multiple functions and pleiotropic effects and
exhibits temperature sensitivity, its involvement in Mpk1 phos-
phorylation in response to heat shock is dispensable (17).
Taken together, these findings demonstrate that the Rho
GTPases have distinct roles for cell stress responses, specifically
thermal stress, and that this response is not necessarily transmit-
ted by Pkc1 and likely involves alternate pathways or signaling
components (Fig. 11). Bahn et al. have previously characterized
the C. neoformans MAP kinase Hog1 and shown its importance in
response to a wide variety of external stresses (44). Preliminary
data from our laboratory indicate that in a strain with a deletion
HOG1, Mpk1 phosphorylation is increased regardless of temper-
ature and that phosphorylation increases when cells are subjected
to heat shock at 39°C for 1 h compared to growth at 24°C (data not
shown). Not surprisingly, this strengthens the notion that cross
talk between pathways is likely occurring and that the cells’ ability
to survive upon encountering thermal stress is dependent on more
than one pathway.
Ballou et al. demonstrated elegantly that Cdc42, a closely re-
lated Rho1 homologue, was necessary for thermal tolerance in C.
neoformans and that this protein was essential for virulence in a
mouse model of infection. We showed in this study that additional
small Rho GTPases are important for the response to heat shock,
but the effect of deletions in Rho proteins on virulence has yet to
be determined. We hypothesize that, due to the temperature-sen-
sitive phenotypes of rho10 and rho10 rho11 strains, these mu-
tants will be avirulent or at least demonstrate reduced pathogen-
esis in a mouse model of infection.
Expanding on data presented in this study, it is plausible that
Rho1, Rho10, and Rho11 share GEFs and/or GAPS and that these
regulators preferentially bind to one or the other Rho protein in
response to specific stresses. We have indentified three C. neofor-
mans GEFS, Rom2, Rom20, and Rom21, and four GAPS, Lrg1,
Bag7, Bem3, and Rga1, and it will be interesting to determine
which of these proteins are involved in regulation of Rho1, Rho10,
and Rho11 (18; also unpublished data). This knowledge should
greatly increase our understanding of the regulation and function
of the Rho GTPases in C. neoformans.
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